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Edited by Christian GriesingerAbstract A novel ATPase activity that was strongly activated
in the presence of either cobalt or manganese ion was discovered
in the chaperonin from hyperthermophilic Pyrococcus furiosus
(Pfu-cpn). Surprisingly, a signiﬁcant ADPase activity was also
detected under the same conditions. A more extensive search re-
vealed similar nucleotide hydrolysis activities in other thermosta-
ble chaperonins. Chaperonin activity, i.e., thermal stabilization
and refolding of malate dehydrogenase from the guanidine-
hydrochloride unfolded state were also detected for Pfu-cpn
under the same conditions. We propose that the novel cobalt/
manganese-dependent ATP/ADPase activity may be a common
trait of various thermostable chaperonins.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Chaperonins may be classiﬁed into two groups; group I
chaperonins, represented by GroEL found in bacteria, mito-
chondria and chloroplasts, and group II chaperonins, repre-
sented by CCT found in eukaryotes and archaea. Both
groups share an essentially similar quaternary structure: they
consist of two rings stacked back-to-back to form a double tor-
oid cylinder. This arrangement generates two internal cavities
that provide closed environments in which unfolded proteins
are able to fold correctly. The number of subunits contained
in each ring is seven for GroEL from Escherichia coli [1], eight
for the thermostable chaperonin (thermosome) from Thermo-
plasma acidophilum [2] and the eukaryotic CCT chaperonin
[3], and nine for TF55 from Sulfolobus shibatae [4]. Three dis-
tinct domains may be found in the subunit structures of both
chaperonin groups, i.e., an equatorial domain responsible forAbbreviations: MDH, malate dehydrogenase; Tac-cpnA, Thermo-
plasma acidphilum chaperonin a; Tac-cpnB, Thermoplasma acidphilum
chaperonin b; Pfu-cpn, Pyrococcus furiosus chaperonin; Pho-cpn,
Pyrococcus horikoshii chaperonin; Mja-cpn, Methanococcus jannaschii
chaperonin; Pi, inorganic phosphate
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doi:10.1016/j.febslet.2005.11.043ATP-binding/hydrolysis, an apical domain for substrate pro-
tein binding, and an intermediate domain connecting the equa-
torial and apical domains. The apical domain of group II
chaperonin has a built-in helical protrusion [5], which is
thought to play a role as a lid imitating the co-chaperone
found in group I chaperonins.
A large number of studies have been performed on the group
I chaperonin E. coliGroEL to date, both from a structural and
functional point of view. However, studies of the group II
chaperonins, especially the thermostable chaperonins from
hyperthermophilic strains, have not advanced as rapidly.
One of the reasons for this may be related to the fact that ther-
mosomes generally display very little ATPase activity under
the conditions probed so far [6], although noticeable structural
diﬀerences were not found between the ATP binding sites of
the two chaperonin families. In this study, we found a novel
ATPase activity of thermosomes from Pyrococcus furiosus,
Pyrococcus horikoshii,Methanococcus jannaschii, and T. acido-
philum that is observable in the presence of either Co2+ or
Mn2+. Notably, this enhanced ATPase activity was not ob-
served in the presence of Mg2+ under the conditions we used.
Very surprisingly, a strong ADPase activity was also detected
under the same conditions. Chaperonin-dependent stabiliza-
tion and refolding of malate dehydrogenase (MDH) were also
observed for Pyrococcus furiosus chaperonin (Pfu-cpn) in the
presence of Co2+–ATP or Co2+–ADP. These results suggest
that this novel Co2+/Mn2+-dependent ATP/ADPase activity
may be a general feature in the function of thermosomes.2. Materials and methods
2.1. Cloning, expression and puriﬁcation
Chaperonin genes from P. furiosus PF1974 (Accession No.:
NC_003413), P. horikoshii PH0017 [7], M. jannaschii MJ0999 [8], T.
acidophilum Ta0980, and Ta1276 [9] were cloned by PCR ampliﬁcation
using gene-speciﬁc primers from genomic DNA. The ampliﬁed genes
were conﬁrmed by DNA sequence analysis. The ampliﬁed structural
genes were expressed in E. coli BLR(DE3) using vector pET23a(+)
(Novagen) and thermosomes were puriﬁed as follows. Harvested cells
were suspended in extraction/chromatography buﬀer (25 mMHEPES–
KOH, pH 7.6, containing 50 mM KCl, 1 mM phenylmethanesulfonyl
ﬂuoride) and lysed by sonication on ice. The soluble fractions were
heated at 50–80 C for 30 min and immediately cooled on ice. Heat-
aggregated proteins were removed by centrifugation and ﬁltration.
The soluble proteins were loaded onto a Resource-Q anion exchange
column and eluted with a 0–500 mM KCl linear gradient using the
A¨KTAFPLC system (Amersham Biosciences) at 4 C. After dialysis toblished by Elsevier B.V. All rights reserved.
Fig. 1. SDS–PAGE (10% gel) of Pfu-cpn during puriﬁcation. Lane 1,
crude extracts; lane 2, after heat treatment; lane 3, after Resource-Q
column. Fifteen lg of protein was loaded onto each lane.
Fig. 2. ATP/ADPase activities of GroEL and Pfu-cpn chaperonins in
the presence of various divalent cations. (A) Chaperonin nucleotide
hydrolysis reactions were performed in the presence of 2 mM ATP/
ADP and either 10 mM MgCl2 (GroEL) or 5 mM CoCl2 (Pfu-cpn) at
pH 7.0 and 37 C (GroEL 14-mer, 0.1 lM) or 80 C (Pfu-cpn 16-mer,
0.3 lM). (B) Pfu-cpn nucleotide hydrolysis reactions were done in the
presence of 2 mM ATP/ADP and 5 mM various divalent cations at pH
7.0 and 80 C (Pfu-cpn oligomer 0.3 lM).
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SDS–PAGE gels. A typical SDS–PAGE gel is shown in Fig. 1 for Pfu-
cpn. The N-terminal amino acid sequence of each puriﬁed protein was
analyzed by Edman degradation on a SHIMADZU PPSQ-10 protein
sequencer. The octameric toroidal ring structure was conﬁrmed for the
puriﬁed Pfu-cpn by transmission electron microscopy (JEOL-1210).
GroEL was obtained from E. coli DH-1/pKY206 cells according to
published protocols [10].
2.2. ATP/ADP hydrolysis activity assay
ATP/ADP hydrolysis activity assay was performed routinely as fol-
lows. Reaction mixtures containing chaperonins and nucleotide
(2 mM) in reaction buﬀer (50 mM HEPES–KOH, pH 7.0, 150 mM
KCl, 5 mM divalent cations) were incubated for 30 min at the follow-
ing temperatures; 37 C (GroEL/0.1 lM), 60 C T. acidophilum chap-
eronin (Tac-cpn)/0.3 lM, and 80 C (Pfu-cpn/0.3 lM, Pyrococcus
horikoshii chaperonin (Pho-cpn)/0.3 lM, Methanococcus jannaschii
chaperonin (Mja-cpn)/0.3 lM). The reaction was stopped by addition
of trichloroacetic acid (7% at ﬁnal concentration) and then the quan-
tity of inorganic phosphate (Pi) produced during reaction was deter-
mined colorimetrically using the malachite green reagent [11,12].
Since the non-enzymatic hydrolysis reactions of ATP and ADP were
shown to be accelerated in the presence of divalent metal ions [13],
control experiments were done carefully without chaperonins under
identical conditions and the results were corrected for Pi released
non-enzymatically; typical values for non-enzymatic hydrolysis of
ATP and ADP at 80 C were 0.1 and 0.1 mM in the presence of
Mg2+, 0.4 and 0.3 mM in the presence of Co2+, 0.5 and 0.4 mM in
the presence of Mn2+, respectively. All measurements in the present
experiment were performed 3–5 times and data were averaged.
Chromatographic analysis of nucleotides was performed as follows.
An aliquot was withdrawn from the hydrolysis reaction mixture at the
indicated intervals and nucleotides were analyzed by a HITACHI L-
7300 HPLC system using a Mono-Q HR5/5 anion exchange column
(Amersham Biosciences) at a ﬂow rate of 1 ml/min and 25 C. Nucle-
otides were eluted with a linear NH4HCO3 buﬀer gradient (100–
600 mM) [14]. The detection wavelength was 260 nm.
2.3. Chaperonin activity assay
Chaperonin activity of Pfu-cpn was conﬁrmed using ThermusMDH
(Mw 35000 · dimer) by two experiments: Enhanced thermostability
during incubation at 80 C and refolding at 60 C. MDH samples were
incubated in 50 mM HEPES–KOH buﬀer, pH 7.0, containing 10 mM
KCl at 80 C in the presence or absence of Pfu-cpn, 3 mM Co2+, and
2 mM ATP/ADP. Thermostability was assayed by measuring the en-
zyme activity remaining after the indicated interval. Refolding of
MDH from 4 M Gdn-HCl unfolded state was initiated by 100-fold
dilution into the same buﬀer at 60 C. Pfu-cpn (16-mer) was added
in a 1 to 1 molar ratio relative to MDH subunit.The pH of all buﬀers used in the present experiments was adjusted so
that the desired pH would be attained at the assay temperature, by
assuming that one degree of temperature increase would result in a
shift of 0.014 pH units for HEPES [15].3. Results
3.1. Co2+/Mn2+-dependent ATP and ADP hydrolysis activities
GroEL undergoes global conformational changes upon
binding and hydrolysis of ATP in the presence of Mg2+ during
its functions as a chaperonin. However, some thermosomes
display very little ATPase activity in the presence of Mg2+
[6]. In order to study the correlation between this low ATPase
activity of thermosome and chaperonin function, we examined
the ATPase activity of Pfu-cpn under various conditions.
Interestingly, we found that Pfu-cpn showed a strong ATPase
activity in the presence of Co2+ but not Mg2+, contrasting
sharply with GroEL (Fig. 2A). Also, very surprisingly, in addi-
tion to the ATPase activity, a signiﬁcant ADPase activity was
also observed. When other various divalent cations were exam-
ined, it was found that Mn2+ was also eﬀective in enhancing
36 K. Hongo et al. / FEBS Letters 580 (2006) 34–40nucleotide hydrolysis activities of Pfu-cpn as shown in Fig. 2B.
Upon addition of 5 mM EDTA in the presence of 5 mM Co2+
or Mn2+, Pfu-cpn showed no nucleotide hydrolysis activities
(data not shown), indicating the speciﬁc eﬀects of these metal
ions.
Next, we investigated whether Co2+/Mn2+-dependent ATP/
ADPase activity could also be observed in other thermostable
chaperonins, especially those derived from hyperthermophilic
strains. We used chaperonins from P. horikoshii, M. jannashii,
and T. acidophilum in addition to Pfu-cpn and GroEL. As
shown in Fig. 3A, all thermosomes displayed a negligible ATP-
ase activity in the presence of Mg2+ under the conditions we
used. However, in the presence of Co2+, all thermosomes
showed a strong ATPase activity, although the extent of the
activity and the speciﬁcity for ions were somewhat diﬀerent
depending on the chaperonins. In the presence of Mn2+, ATP-
ase activity was observed for all thermosomes except from T.
acidophilum. It is interesting to note that GroEL showed ATP-
ase activity in the presence of Mn2+ as well as Mg2+, support-
ing a previous report [16]. In addition to ATPase activity, all
thermosomes including Tac-cpn showed ADPase activity
in the presence of Co2+or Mn2+, indicating a sharp contrast
to that of GroEL (Fig. 3B). This ﬁnding, to our knowledge,
is the ﬁrst report of signiﬁcant ADPase activity in a chaperonin.Fig. 3. ATPase (A) and ADPase (B) activities of various thermosomes in
measured at pH 7.0 and 37 C (GroEL 14-mer, 0.1 lM) or 60 C/80 C (the
MgCl2/CoCl2/MnCl2.3.2. Optimum conditions for Pfu-cpn ATP/ADPase activity in
the presence of Co2+
In order to investigate the novel ATP/ADPase activity of
thermosomes in more detail, we examined the nucleotide
hydrolysis activity of Pfu-cpn in the presence of Co2+ under
various conditions. Fig. 4A shows the eﬀects of varying Pfu-
cpn concentration on the nucleotide hydrolysis activity in the
presence of 5 mM Co2+ and 2 mM nucleotide. Both ATPase
and ADPase activities increased rapidly upon increased Pfu-
cpn concentration. It should be noted that the quantity of Pi
released from a molecule of ATP was roughly twice the
amount of that released from ADP in all concentrations of
Pfu-cpn we tested (also see Fig. 2A). ATP/ADPase activity
was not observed in the presence of Mg2+ even at 0.8 lM
Pfu-cpn.
When the hydrolysis activities were measured with varying
nucleotide concentrations in the presence of 5 mM Co2+ and
0.3 lM Pfu-cpn, both ATPase and ADPase activities gradually
increased with increasing nucleotide concentrations and satu-
rated at around 2 mM as shown in Fig. 4B. From analyses
using the Lineweaver–Burk plot (shown in the inset of
Fig. 4B), half-saturation concentrations (Km) for ATP and
ADP were determined to be 0.8 (±0.2) and 0.7 (±0.3) mM,
respectively, and maximum speciﬁc activities (Vmax) for ATPthe presence of diﬀerent divalent cations. ATP/ADPase activity was
rmosomes 16-mer, 0.3 lM) in the presence of 2 mM ATP and 5 mM
Fig. 4. Characteristics of Pfu-cpn ATP/ADPase activity under various
conditions. (A) ATP/ADPase activity of Pfu-cpn at various concen-
trations in the presence of 5 mM CoCl2/MgCl2 and 2 mM nucleotides
at pH 7.0 and 80 C. (B) ATP/ADPase activity of 0.3 lM Pfu-cpn in
the presence of various concentrations of nucleotides and 5 mM CoCl2
at pH 7.0 and 80 C.
Fig. 5. Quantitation of nucleotides during ATP/ADP hydrolysis
reaction by Pfu-cpn. (A) Chromatographic analyses of the reaction
mixture sample at 40 min and the authentic ATP, ADP, and AMP.
The asterisk indicates an impurity that contaminates the authentic
AMP sample. Time course in changes of nucleotide quantity during
ATP (B) and ADP (C) hydrolysis reactions by 0.3 lM Pfu-cpn at pH
7.0 and 80 C. Closed circles, open circles, and closed triangles
represent ATP, ADP, and AMP, respectively.
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Pfu-cpn, respectively. The Km value for ATP was relatively
large for Pfu-cpn, compared to 0.15 mM for Methanopyrus
kandleri thermosome [17] and 0.05 mM for E. coli GroEL
[18], although the conditions of measurement were quite diﬀer-
ent. Furthermore, Km values for Co
2+ were also determined to
be 2 (±0.4) mM and 1 (±0.3) mM for ATPase and ADPase
activities, respectively (0.3 lM Pfu-cpn and 2 mM nucleotides;
data not shown). The optimum pH and temperature were also
determined to be 7.0 and around 80 C, respectively, for both
the ATPase and ADPase activities of Pfu-cpn, with regions
where activities did not drop oﬀ signiﬁcantly between pH 6.0
and 7.5, and between 70 and 90 C (data not shown). From
these results, we used the conditions of 2 mM nucleotides,
5 mM Co2+, pH 7.0, and 80 C for routine activity measure-
ments.
3.3. Co2+-dependent nucleotide hydrolysis mechanism of Pfu-cpn
We also performed chromatographic analyses by directly
quantifying ATP, ADP, and AMP during the course of the
reaction in order to further study the novel ATPase and AD-
Pase activities in the presence of Co2+ (Fig. 5). As shown in
Fig. 5A, ATP, ADP, and AMP were separated clearly under
the conditions. As shown in Fig. 4B, during the ﬁrst 10 min
of the reaction, ADP increased gradually, concomitant with
the decrease of ATP. After 15 min, AMP began to increase
gradually as well. An analysis pattern of the reaction samplemixture at 40 min is represented at the bottom in Fig. 5A.
The sum of the area of all of the nucleotide peaks displayed
was almost the same to that of the initial ATP peak. Fig. 5C
shows that ADP is converted to AMP by the reaction. We also
conﬁrmed that an ATP analog AMP-PNP was not hydrolyzed
(data not shown). These results indicated that Pfu-cpn hydro-
lyzed ATP to ADP ﬁrst and then the yielded ADP to AMP.
AMP was not hydrolyzed by Pfu-cpn.
3.4. Chaperonin function of Pfu-cpn in the presence of Co2+ and
ATP/ADP
The chaperonin activity of Pfu-cpn was examined in the
presence of Co2+–ATP/ADP. Experiments of the thermal
38 K. Hongo et al. / FEBS Letters 580 (2006) 34–40stabilization of MDH at 80 C (Fig. 6A) and the refolding
from 4 M Gdn-HCl unfolded state at 60 C (Fig. 6B) of
MDH in the presence of an equi-molar concentration of Pfu-
cpn, 3 mM Co2+, and 2 mM ATP/ADP were performed. As
shown in Fig. 6A, in the absence of Pfu-cpn or in the presence
of bovine serum albumin, MDH activity gradually decreased
to about 20% in 60 min. However, in the presence of Pfu-cpn
and Co2+–ATP/ADP, 90% MDH activity was retained. When
MDH and Pfu-cpn were incubated without nucleotides, MDH
activity was decreased to 60% in 30 min. When 2 mMATP was
added to this sample, MDH activity recovered to 75% over the
course of the next 30 min, suggesting that Pfu-cpn trapped a
thermally denatured MDH intermediate in a refolding compe-
tent form in the absence of ATP. These results demonstrated
that Pfu-cpn in the presence of Co2+–ATP/ADP has an ability
to protect MDH from thermal denaturation. Furthermore, as
shown in Fig. 6B, refolding of MDH from the Gdn-HCl un-
folded state in the presence of Pfu-cpn was facilitated only in
the presence of Co2+–ATP/ADP, as compared to a negligible
spontaneous refolding yield. In both experiments of the ther-
mal stabilization and the refolding of MDH, Pfu-cpn showed
no chaperonin eﬀects in the presence of Mg2+–ATP/ADP (dataFig. 6. Chaperonin activity of Pfu-cpn in the presence of Co2+–ATP/
ADP. (A) Stabilization eﬀects of MDH upon thermal unfolding at
80 C and (B) thermosome-facilitated refolding of MDH from 4 M
Gdn-HCl unfolded state at 60 C. An equi-molar concentration of Pfu-
cpn 16-mer was used for MDH subunit in the presence of 3 mM Co2+
ion at pH 7.0. Closed circles, in the presence of Pfu-cpn and 2 mM
ATP; open circles, Pfu-cpn and 2 mM ADP; closed diamonds, Pfu-cpn
only; closed triangles in (A), incubation in the presence of Pfu-cpn only
and then 2 mM ATP was added at 30 min indicated by arrow; closed
squares in (A), same amounts of BSA; open squares, none.not shown), indicating that the eﬀects are closely connected to
the nucleotide hydrolysis activity. These results demonstrated
clearly that the Pfu-cpn displays chaperonin function in the
presence of Co2+–ATP/ADP.4. Discussion
ATP binding and hydrolysis events are crucial to the func-
tional mechanism of the chaperonins [19]. The ATP binding
and hydrolysis reaction by chaperonin usually occurs in the
presence of Mg2+. Although this ATP dependent chaperonin
activity was also reported for some thermosomes [20,21], de-
tails regarding the relationship between ATP hydrolysis and
the folding assistance activity of thermosomes have not been
obtained [6]. Typically, we observe a very low ATP hydrolysis
activity in some thermosomes [6]. Thus, in order to understand
thermosome function, it is necessary to study the ATP hydro-
lysis mechanism of these proteins in more detail. In the present
study, we detected a strong ATPase activity in thermosomes in
the presence of Co2+ and Mn2+. The activities were stronger
than those in the presence of Mg2+ for all thermosomes we
examined (Figs. 1 and 2). Furthermore, very surprisingly, the
thermosomes exhibited a novel ADPase activity in addition
to ATPase activity. Additionally, these nucleotides hydrolysis
activities were shown to occur in an enzymatic manner
(Fig. 3). From these results, it may be suggested that group
II chaperonins generally possess a Co2+/Mn2+-dependent
ATP/ADP hydrolysis activity. It is quite interesting to note
that the ATP/ADP hydrolysis activity of these chaperonins
were comparable in characteristics to ecto-nucleoside triphos-
phate diphosphohydrolase (NTPDase), which is found ubiqui-
tously in eukaryotic cells [22].
The Co2+–ATP/ADP dependent chaperonin function
(refolding activity) was also conﬁrmed for Pfu-cpn (Fig. 6).
Similar metal-dependent chaperonin activity was also reported
for E. coli chaperonin GroEL: Mn2+ caused a signiﬁcant in-
crease in the rate of GroEL-assisted refolding of urea-dena-
tured mitochondrial MDH, as well as Mg2+ [23]. This may
be reasonable because GroEL showed considerable ATPase
activity in the presence of Mn2+ as well (Fig. 3A). These ﬁnd-
ings mean that nucleotide hydrolysis activity plays an impor-
tant role for functioning chaperonin activity not only group
I GroEL chaperonin but also group II thermosomes.
The thermosomes examined in the present study displayed a
novel ADPase activity in addition to ATPase activity in the
presence of Co2+/Mn2+ (Fig. 3B). A more detailed analysis
of nucleotide hydrolysis by Pfu-cpn revealed that ATP was
hydrolyzed to ADP ﬁrst, and then this ADP was hydrolyzed
to the ﬁnal product AMP; ATPﬁ ADP + Piﬁ AMP + 2Pi
(Fig. 5). It would be quite interesting to study the location
and characteristics of the active site(s) for ATP and ADP. This
novel ADPase activity of a chaperonin is the ﬁrst of its kind, to
our knowledge. In the context of the ADP utilization, it is
interesting to note that the glycolytic enzyme hexokinase and
phosphofructokinase from P. furiosus were also shown to be
capable of ADP utilization [24,25]. Together with our present
ﬁndings, it may be that P. furiosus is capable of utilizing ADP
as a general substitute for ATP. From an energetic point of
view, ADP is not inferior to ATP, i.e., the free energy change
of ADP hydrolysis (ADPﬁ AMP + Pi) is about the same as
that of ATP hydrolysis (ATPﬁ ADP + Pi) [26]. Also, ADP
K. Hongo et al. / FEBS Letters 580 (2006) 34–40 39is envisaged to be more stable than ATP at higher tempera-
tures, especially in the presence of some divalent metal ions
[13]. Although the existence of an adenylate kinase gene
(Accession No.: NC_003413) was reported in the genome se-
quence data of P. furiosus, a more eﬃcient system that regen-
erates ADP from AMP might exist.
Finally, it is interesting to address the physiological conse-
quences of utilizing Co2+/Mn2+ in thermosome function. Metal
ions such as Co2+/Mn2+ may often be toxic for cells at rela-
tively high concentrations [27,28]. Therefore, it might be at a
disadvantage for the cells to use such metal ions. However,
genome analysis research revealed that P. furiosus has a gene
encoding a cobalt transporter protein (Accession No.:
NC_003413), although details regarding its function are un-
clear. In addition, it has been reported that many enzymes
from hyperthermophilic strains utilize such metal ions as cata-
lytic factors: activity of alkaline phosphatase from the hyper-
thermophilic bacterium Thermotoga maritima can be detected
in the presence of Co2+ [29], and binding of Co2+ or Fe2+ is
important for the activity of methionyl aminopeptidase from
P. furiosus [30]. From these facts, it is suggested that utilization
of Co2+/Mn2+ may be an intrinsic property for thermosomes.
If we assume that thermosome is an ancient prototype of chap-
eronin, it is interesting to consider how this property has
evolved. In view of the fact that GroEL is able to function
in the presence of Mn2+ [23] or ADP [31], as well as Mg2+–
ATP, the results shown here will certainly shed new light on
the question of the evolution of chaperonin function in groups
I and II.
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